Nuclear factor B (NF-B) serves as an important cellular regulator of the earliest response to microbial pathogens. Activation of NF-B is associated with the transcriptional induction of genes encoding chemokines, cytokines, adhesion molecules, proinflammatory enzymes, and proteins regulating apoptosis (26, 43) . As such the transcriptional response mediated by NF-B is an essential component both of an effective innate immune system and for mounting the adaptive immune response (10, 50) .
In the classical pathway inactive NF-B is retained in the cytoplasm by inhibitor of NF-B (IB) proteins, of which IB␣ is the best-characterized member. Nuclear localization of NF-B requires the proteasomal degradation of IB. This step is tightly regulated and specifically induced upon IB phosphorylation by the activated IB kinase (IKK) complex. Once phosphorylated, IB becomes polyubiquitinated and consecutively degraded by the proteasome (37) . Therefore, the timely activation of the IKK is the single most important regulatory step in the induction of NF-B transcriptional activity.
Several upstream pathways that feed into the classical NF-B route have been identified, and they typically converge at the IKK. Of these, the best understood are the tumor necrosis factor (TNF) receptor 1 (TNFR1) and tolllike receptor (TLR)/interleukin-1 (IL-1) receptor (IL-1R) pathways. TNFR1 and TLR/IL-1 receptors signal to the IKK via distinct sets of adaptor proteins (29) . TLRs and IL-1R very much rely on the same cytoplasmic pathway, but, whereas IL-1R binds the cytokine IL-1␤, TLRs are considered "pattern recognition receptors" that recognize and bind pathogen-associated microbial patterns like bacterial and viral constituents, lipopolysaccharides (LPS), and double-stranded RNA (34) . Upon microbial encounter with cells TLRs elicit the first-line defense by activating the expression of type I interferons and other cytokines via an NF-B-containing enhanceosome (38) .
Viruses have developed not only numerous mechanisms to inhibit these antiviral response pathways as protective countermeasures but also strategies to integrate these activated cellular pathways into their own life cycles. For instance, viruses can inhibit interferon and cytokine production (40, 55) and function (4, 44, 57) and can also utilize activated NF-B to kick-start viral early (E) gene expression programs (5, 31, 42, 49, 52) . Furthermore, inflammatory cells that are attracted to the sites of infection as a consequence of pathway activation and chemokine production can be hijacked by viruses to support viral spread (27) .
Human cytomegalovirus (HCMV), a member of the family Herpesviridae of double-stranded DNA viruses, activates NF-B within minutes of virus-cell contact. At least in part this is brought about by TLR2 recognizing HCMV virions, resulting in the production of inflammatory cytokines in infected cells (18, 19) , and the viral envelope glycoprotein gB appears to be necessary and sufficient for the instant activation of NF-B (11, 61) . These findings are further supported by microarray analyses of HCMV-infected cells showing that numerous interferon-stimulated genes and proinflammatory cytokines are upregulated immediately after infection, suggesting the instant activation of TLR/IL-1 and TNFR1 signaling in infected cells (12, 51, 63) . Once activated, NF-B can in turn stimulate viral immediate early (IE) gene expression (22, 46, 48) . This step may also be of particular functional significance during the reactivation from latency (47) . Thus, there appears to be an intricate virus-NF-B interplay during the initial and immediate early phases of infection.
Interestingly, the microarray data also revealed that the activation of NF-B-dependent genes was much stronger when HCMV gene expression was disallowed (12, 15) , suggesting that virion factors elicit the activation of signaling pathways and that later viral gene products expressed at later times during infection have a negative influence on the NF-B-dependent gene expression program. Consistent with this notion, HCMV has been reported to inhibit the transcription of the chemokine monocyte chemotactic protein 1 (MCP-1) (30), interferon response factor 3 (IRF3) (1) , and the MxA gene (12) and to downregulate TNFR1 surface expression (6) . Finally, the adapter kinase RICK has recently been shown to activate an NF-B-dependent anti-HCMV response (23) .
In this study we have undertaken a systematic analysis of the NF-B signaling pathway during HCMV infection in the presence of proinflammatory cytokine stimulation. Our results show that during the initial phase of infection HCMV cannot counteract NF-B activation by TNF-␣ and IL-1␤. However, HCMV can very effectively do so later during infection, suggesting the existence of one or more later viral gene products that can antagonize NF-B signaling in infected cells. These results are consistent with a recent study by Jarvis and coworkers who also found that HCMV counteracts cytokine-induced NF-B signaling (36) . We identify an HCMV variant that fails to block NF-B signaling after TNF-␣ stimulation but at the same time has maintained its ability to counteract IL-1␤-mediated NF-B signaling. This variant helps to locate the block in NF-B signaling upstream of the IKK and, for TNF-␣-dependent stimulation, further suggests that the block to NF-B signaling is causally linked to the HCMV-mediated downregulation of TNFR1 surface expression.
MATERIALS AND METHODS
Cells, viruses, and proinflammatory induction. Human embryonic lung fibroblasts and U373 cells were maintained in Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum and 100 U of penicillin-streptomycin per ml. Cells were passaged 1:3 every 3 days. NF-B was induced by stimulation with 30 ng/ml TNF-␣ (Sigma), 10 ng/ml IL-1␤ (Biomol), or 1 g/ml LPS (Sigma) for the times indicated in the legends for Fig. 1, 4 , 5, and 7. Viruses were kindly provided by Hartmut Hengel, Bodo Plachter, and Susanna Proesch. The AD169 and Towne strains were purchased from ATCC. HEL fibroblasts or U373 cells at 70% confluence were infected with different HCMV strains at a multiplicity of infection (MOI) of 5 as indicated below. To monitor HCMV-dependent regulation of NF-B activity, cells were infected with HCMV for various lengths of time (2 to 72 h) prior to the period of incubation with TNF-␣, IL-1␤, or LPS as specified below. To inhibit viral late gene expression, cells were infected in the presence of 100 M ganciclovir (GCV) (Sigma). Complete viral gene expression was inhibited by UV radiation (5,000 J/m 2 ). Antibodies. P65 (C20), IB␣ (C15), and IKK␥ (FL-419) antibodies were purchased form Santa Cruz, and the IKK␤ antibody was obtained from Invitrogen. gB, pp65, and p52 antibodies were purchased from Abi, and the IE1/IE2 antibody was received from Argene. For fluorescence-activated cell sorting (FACS) analysis phycoerythrin (PE)-conjugated TNFR1 and fluorescein isothiocyanate (FITC)-conjugated CD95 were used (R&D Systems). PE-and FITC-labeled isotype controls were also purchased from R&D Systems.
Immunoblotting. Cells were lysed in 50 mM HEPES, pH 7.5, 150 mM NaCl, 1.5 mM MgCl 2 , 1 mM EDTA, 10% glycerol, 1% Triton X-100, 1 mM dithiothreitol (DTT), 10 mM NaF, 80 mM ␤-glycerolphosphate, 100 M NaVO 4 , 0.4 M Pefabloc, 1 g/ml aprotinin, 1 g/ml leupeptin, and 1 g/ml pepstatin for 1 hour. Lysates were centrifuged for 10 min, and the protein concentration of clear supernatants was measured using the Bradford assay (Bio-Rad). Equal amounts of proteins were separated by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoreses and transferred to a polyvinylidene difluoride membrane by semidry blotting. After being blocked in 5% milk powder-phosphate-buffered saline-Tween 20 (PBS-T) for 1 h, membranes were exposed to antibody solution (5% milk powder-PBS-T) for 1.5 h at room temperature or overnight at 4°C. Generally these and other experiments were performed at least three times, and representative results were used for preparing figures.
Coimmunoprecipitation and kinase assays. Cells were lysed as described for immunoblotting. One hundred micrograms of protein extracts was first precleared with protein A-Sepharose beads for 1 h at 4°C. Immunoprecipitation using 1 g IKK␥ antibody was carried out for 2 h at 4°C. Protein A-Sepharose was washed five times with lysis buffer and once with kinase reaction buffer containing 20 mM HEPES, pH 7.5, 10 mM MgCl 2 , 20 mM ␤-glycerolphosphate, 50 M NaVO 4 , 1 mM DTT, and 20 M ATP. Kinase reactions were performed with 5 Ci of [␥-
32 P]ATP and 1 g of glutathione S-transferase (GST)-IB␣ (kindly provided by Claus Scheidereit, Max Delbrück Center for Molecular Medicine) as the substrate in 15 l for 20 min at 37°C. After addition of SDS loading buffer, reaction mixtures were boiled and applied to an SDS-polyacrylamide gel. The dried gel was analyzed by autoradiography. Experiments were done at least three times, with typical results shown. EMSA. Cells were incubated in hypotonic buffer (10 mM HEPES, pH 7.5, 10 mM KaCl, 3 mM MgCl 2 , 0.05% NP-40, 1 mM EDTA, pH 8.0, 10 mM NaF, 0.1 mM NaVO 4 , 1 mM Pefabloc, 1 mM DTT, 1 g/ml aprotinin, 1 g/ml leupeptin, and 1 g/ml pepstatin) for 2 min and centrifuged for 2 min at 1,000 ϫ g. Pellets were washed twice with hypotonic buffer and lysed in 250 l lysis buffer (0.5 M KaCl, 35% glycerol, 100 mM HEPES, pH 7.4, 5 mM MgCl 2 , 0.5 mM EDTA, pH 8.0, 5 mM NaF, 1 mM Pefabloc, 1 mM DTT, 1 g/ml aprotinin, 1 g/ml leupeptin, and 1 g/ml pepstatin). Lysates were centrifuged again, resuspended in lysis buffer, and centrifuged for 45 min at 4°C at 100,000 ϫ g, and the protein concentration of clear supernatants (nuclear extract) was measured using the Bradford assay (Bio-Rad). An NF-B-specific oligonucleotide (5Ј-GAT CCA GGG CTG GGG ATT CCC CAT CTC CAC AGG-3Ј or 5Ј-GAT CCC TGT GGA GAT GGG GAA TCC CCA GCC CTG-3Ј) or a mutated oligonucleotide (5Ј-GAT CCA GGG CTG GGC ATT CCG CAT CTC CAC AGG-3Ј or 5Ј-GAT CCC TGT GGA GAT GCG GAA TGC CCA GCC CTG-3Ј) from the H-2K region of the major histocompatibility complex class I (MHC-I) promoter was labeled with [␣-
32 P]ATP in the presence of 500 mM deoxynucleoside triphosphates without ATP for 30 min at 37°C and for 5 min at 65°C. Nonincorporated radioactivity was removed by NICK Sephadex G-50 columns (Amersham). For the binding reaction 5 g of nuclear extracts was incubated with 2ϫ shift buffer (40 mM HEPES, pH 7.9, 120 mM KCl, 8% Ficoll), 0.5 g/l bovine serum albumin, 5 nM DTT, 0.5 g/l poly(dIdC), and 20,000 cpm of labeled H2-K oligonucleotide for 30 min at 30°C. Supershift assays were carried out by preincubating the reaction mixture with 2 g of an anti-p65 antibody or control for 30 min at 4°C. DNA binding was analyzed on 5% polyacrylamide gels by autoradiography. Electrophoretic mobility shift assays (EMSAs) were performed at least three times, and representative results were used for preparing figures.
RPA. RNase protection assays (RPA) were performed essentially as described previously (60) . Briefly, multiprobe RNase protection assays were performed by using the Riboquant system (Pharmingen). Defined pools of [ 32 P]UTP-labeled probes were synthesized by in vitro transcription from a custom-made template set (Pharmingen). Total RNAs from cells were isolated using Tri-Reagent (Invitrogen) by following the manufacturer's instructions. One microgram of each preparation was used as target RNA in the hybridization reaction. Then RNA samples were RNase treated, purified, and subjected to denaturing polyacrylamide gel electrophoresis followed by autoradiography and quantitation by phosphorimaging. Experiments were performed at least three times, with representative results used for preparing figures.
Restriction endonuclease digestion. Human embryonic lung fibroblasts were infected at a MOI of 5. After 5 days of infection cells were frozen at Ϫ80°C and thawed at 37°C. Supernatants were collected and centrifuged at 9,000 ϫ g for 10 min at 4°C, and the pellet was than incubated in a RNase/DNase solution (100 g/ml RNase (Sigma) and 100 U/ml DNase (Sigma) for 15 min at 37°C. The supernatant was centrifuged at 50,000 ϫ g for 1 h by 4°C. The resulting pellet was resuspended in an SDS-proteinase K solution (10% SDS, 500 ng/ml proteinase K; Sigma) for 2 h at 55°C. DNA was purified by phenol-chloroform precipitation and dissolved in H 2 O. For restriction endonuclease digestions 2 g viral DNA was incubated with 4 units of enzymes for 3 h at 37°C. The digestion products were separated in a 0.8% agarose gel, followed by ethidium bromide staining.
FACS. Cells (10 5 ) were incubated in 25 l PBS containing 0.5% bovine serum albumin and 2 ng/l of either a PE-conjugated TNFR1 antibody or a PEconjugated isotype control for 30 min at 4°C in the dark. The CD95 antibody was FITC labeled. Cells were washed twice in PBS and measured in the FL-2 (PE) or the FL-1 (FITC) channel of a FACScan (Becton Dickinson).
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RESULTS
HCMV inhibits TNF-␣-mediated NF-B DNA binding activity.
Whereas most studies analyzing the regulation of NF-B by HCMV have concentrated on early events elicited by viral infection, the present work aimed at studying the integrity of the NF-B signaling pathway in infected cells that were stimulated with NF-B-inducing agents like TNF-␣. By so doing, we focused on identifying possible viral modulatory events affecting the host cell's ability to activate the NF-B signaling pathway. Treatment of cells with 30 ng/ml TNF-␣ for 10 min leads to the well-recognized activation of NF-B DNA-binding activity, as shown by an EMSA using nuclear extracts and an NF-B binding site derived from the MHC-I promoter (Fig.  1A , lane 4). This binding is specific since a probe containing a mutated NF-B binding site is not retarded (lane 5). As expected, infection of primary fibroblasts with HCMV AD169 (ATCC) at a MOI of 5 for 1 h also resulted in a specific NF-B-DNA complex (lanes 7 and 8). TNF-␣ treatment and HCMV infection had no significant additional effect on the cells' NF-B pool to bind DNA (lanes 10 and 11). When a specific antibody directed towards the NF-B subunit p65 (RelA) was added to the reaction mixture, the relevant DNAprotein complexes were "supershifted" (lanes 3, 6, 9, and 12). This was not the case when a nonspecific control antibody was used (data not shown). These data suggest that p65 is a constituent of the DNA-protein complexes detected in TNF-␣-stimulated and HCMV-infected cells, indicating the induction of the canonical or "classical" NF-B pathway.
In order to analyze whether HCMV can modulate the induction of NF-B signaling during the course of infection, we next set up the experimental system that is schematically shown in Fig HCMV inhibits TNF-␣-induced NF-B target gene expression and signaling. TNF-␣ binds to and activates TNFR1. TNFR1 signals to NF-B via several well-recognized adaptor proteins (3, 32, 62) , and NF-B regulates numerous genes involved in mounting the host's immune response to various pathogens and genes with important functions in regulating the differentiation, proliferation, and apoptotic programs of cells (7) . In order to follow TNF-␣ signaling in infected cells, we first analyzed the transcriptional induction of a number of well-defined NF-B target genes, namely, the TRAF1, IB␣, and cIAP2 genes, by RNase protection assay. All three target genes were found to be strongly induced after stimulation with TNF-␣ in the absence of HCMV infection ( Fig. 2A, lane 2, and  B) . However, if cells were preinfected with HCMV prior to TNF-␣ treatment following the schedule schematically shown in Fig. 1B , induction of NF-B target genes was attenuated over the time of the preinfection. Although we have not formerly excluded the possibility that the decrease in steady-state mRNA levels could be due to an increase in mRNA decay, the congruent regulation of the NF-B DNA binding activity (Fig.  1C) and the specific regulation of the more upstream parts of the NF-B signaling pathway (see below) strongly suggest that the decline in mRNAs observed here is primarily the result of a reduced level of transcription of these genes. This suggested that the accumulation of viral gene products counteracted TNF-␣-induced NF-B target gene activation ( Fig. 2A, lanes 3  to 7, and B) . The fact that not all NF-B target genes were affected in an identical manner suggests that NF-B-independent regulatory mechanisms also influence expression of these genes in infected cells. Still, genes that are not NF-B target genes like the caspase 8 and TNFR2 genes were not affected by TNF-␣ treatment, and TNFR2 gene expression was even slightly upregulated at late times of infection as previously reported (12) . As expected, from the reduction in mRNA levels the inhibitory effect of HCMV on TNF-␣ signaling could also be observed at the protein level for NF-B target genes (data not shown).
Given the inability of TNF-␣ to induce NF-B target genes in cells that were preinfected for 24 h or longer (Fig. 2) , we reasoned that HCMV is likely to inhibit NF-B signaling later during infection. Therefore, we next analyzed the NF-B signaling pathway in cells that were HCMV infected for different time periods and then TNF-␣ treated according to the schedule shown in Fig. 1B . NF-B is kept under tight control by IB␣, which normally retains this transcription factor in the cytoplasm. In the case of NF-B pathway activation IB␣ first becomes phosphorylated by the IKK and is subsequently ubiquitinated and degraded in a proteasome-dependent manner, which facilitates nuclear entry and DNA binding of NF-B (37). As shown before, a 10-min stimulation of cells with TNF-␣ leads to a strong induction of NF-B DNA binding activity (Fig. 3A, lane 2) , and this is consistent with the rapid loss of IB␣ (Fig. 3B, lane 2) and activation of the IKK (Fig.  3C, lane 2) . If TNF-␣ is added after a preinfection period of 4 h, the situation is very much unchanged, with IKK activity, IB␣ instability, and NF-B DNA binding activity still induced (Fig. 3A to C, lanes 3) . However, if preinfection is allowed to proceed for 24 to 72 hpi before TNF-␣ was added, dramatic differences in NF-B signaling in HCMV-infected cells occur. TNF-␣-induced IKK activity is first hampered and then completely abrogated in these cells (Fig. 3C, lanes 4 to 6) . Consistent with the downregulation of IKK activity, IB␣ degradation is inhibited in these cells (Fig. 3B, lanes 4 to 6) and DNA binding of NF-B is first significantly reduced (Fig. 3A, lane 4) and finally inhibited (lanes 5 and 6). These data are in line with the expression analysis of TNF-␣-inducible genes in HCMVinfected cells (Fig. 2) , and together they show that during the initial phase of an infection with HCMV TNF-␣-induced NF-B signaling is still in place. However, later viral gene expression first attenuates and then shuts down this signaling pathway.
For the experiments so far we have used the HCMV AD169 (ATCC) laboratory strain, and the experiments were reproducibly shown using both different virus preparations and also purified virus (data not shown). To further exclude strainspecific effects, we next used an independent laboratory strain, Towne (ATCC), and two low-passage HCMV clinical isolates (kindly provided by the late S. Prösch, Berlin) and asked whether the above results could be reproduced under these (Fig. 3D ), a 48-h preinfection of cells with the clinical isolates attenuated NF-B activation to a great extent, albeit not completely ( Fig. 3E and F) . These data support the previous results and, in addition, show that the inhibitory activity of HCMV directed against TNF-␣-induced NF-B activation is strain independent. HCMV inhibits Il-1␤-and LPS-stimulated NF-B signaling. The data shown in Fig. 3C suggest that HCMV inhibits TNF-␣-induced NF-B signaling at or upstream of the IKK. Since the IKK is the convergence point for several distinct pathways that signal from the cell surface to NF-B (29), we wondered whether HCMV could also counteract the activation of NF-B after stimulation of TNFR1-independent pathways. We concentrated on IL-1␤, another important proinflammatory cytokine during viral infection that induces a similar set of target genes like the TNF-␣ gene. IL-1␤ binds to the IL-1 receptor and signals to the IKK by means of adapter molecules (2, 13, 35) that to a large extent are distinct from those employed by TNFR1. After stimulation with 10 ng/ml IL-1␤ for 30 min NF-B DNA binding activity is strongly induced (Fig. 4A,  lane 2) , and preinfection of cells with HCMV for up to 10 h prior to IL-1␤ treatment had little effect on these findings (lanes 3 and 4) . However, preinfection for 24 h or more led to a strong inhibition of the DNA binding activity of NF-B (lanes 5 to 7). The increase in NF-B DNA binding is consistent with the induction of NF-B target genes (Fig. 4B, lanes 2  to 4) , but, importantly, these target genes remained noninduced when cells were preinfected with HCMV for 24 h or longer despite IL-1␤ treatment (lanes 5 to 7). These data show that HCMV can block NF-B activation after stimulation by a different proinflammatory cytokine that utilizes distinct signaling pathways upstream of the IKK. This view is further supported by our finding that HCMV also counteracts NF-B signaling after stimulation of cells with 1 g/ml LPS for 1 h (Fig. 4C and D) . It is considered that IL-1␤ and LPS depend to a large extent on the same intracellular signaling pathway upstream of the IKK, with the obvious exception that LPS activates the pattern recognition receptor TLR4 (9) . The differences in the kinetics and strength of the HCMV-mediated block in NF-B activation between IL-1␤-and LPS-stimulated cells are likely due to the fact that we had to use the glioblastoma cell line U373 for LPS stimulation, since, unlike U373 cells, primary fibroblasts cannot efficiently be stimulated by LPS. Although we cannot exclude the possibility that the small differences we observed point to meaningful differences, the more important conclusion from this set of experiments is that HCMV can block NF-B activation following the stimulation of three distinct surface receptors.
Downregulation of NF-B after TNF-␣ stimulation and downregulation after IL-1␤ stimulation are separable functions of HCMV. As shown in Fig. 3 the ability to block NF-B activation after proinflammatory stimulation was a strain-independent activity of HCMV. On the other hand, this anti-NF-B activity is unlikely to be an essential component of the viral life cycle in cultured cells and, if so, there should be little selective pressure on maintaining this viral function. Therefore, we considered it possible that the anti-NF-B activity might have been lost from some of the high-passage laboratory strains of HCMV (for an example, see reference [20] ) and screened different strains, intrastrain variants, and low-passage clinical isolates at similar MOIs for their abilities to block NF-B activity after proinflammatory cytokine stimulation. We were unable to identify an HCMV strain/variant that had lost the ability to counteract NF-B activity after IL-1␤ stimulation (data not shown). However, we did identify an AD169 strain of HCMV that had completely lost the ability to block NF-B signaling after TNF-␣ stimulation (Fig. 5A) . We refer to this strain as AD169var-T. As implied above, AD169var-T could still counteract NF-B activation after IL-1␤ treatment (Fig.  5B) or following LPS stimulation (data not shown). Consistent with the inability of AD169var-T to counteract NF-B DNA binding after TNF-␣ stimulation, IB␣ remained unstable in these cells even if stimulation followed a 72-h preinfection period (Fig. 5C ). In contrast, after IL-1␤ stimulation IB␣ was stable when stimulation occurred in cells preinfected for at least 48 h (Fig. 5D) .
A comparative restriction enzyme analysis of AD169 (ATCC), Towne (ATCC), and AD169var-T demonstrated that AD169var-T is indeed very similar but not identical to AD169 (ATCC) and that the two AD169 strains are more closely related to each other than to the Towne strain (Fig. 5E ). On this basis and additional restriction analyses with different enzymes showing similar results (data not shown) it seems reasonable to denominate AD169var-T as an AD169 variant (45). Also, it seems unlikely that the observed differences in counteracting TNF-␣-induced NF-B signaling are simply the consequence of differences in viral gene expression kinetics. As seen from Fig. 5F both AD169 (ATCC) and AD169var-T express IE, E, and late (L) genes with similar kinetics and levels of strength. Thus, these data show that blocking NF-B activation following TNF-␣ stimulation and blocking activation after IL-1␤ stimulation are separable viral functions, implying that distinct viral gene products mediate these effects.
AD169var-T mechanistically links the block of NF-B activation to the downregulation of TNFR1 surface expression.
Since AD169var-T discriminates between the inhibition of NF-B after stimulation with TNF-␣ and IL-1␤, the above results also support the view that the HCMV-mediated blockages to NF-B activation occur upstream of the convergence point (IKK), i.e., in the noncommon branches of the TNF-␣ and IL-1␤ signaling pathways. This notion is consistent with the HCMV-mediated block of IKK activation after TNF-␣ treatment (Fig. 3C) . On this basis two predictions can be made with respect to the mechanisms employed by HCMV: (i) the mechanism underlying the block of TNF-␣-stimulated NF-B activation should affect pathway components that are located between the IKK and TNFR1 and (ii) any functionally significant modification to this part of the pathway should be present in cells infected with HCMV AD169 (ATCC) and Towne (ATCC) but absent from cells infected with AD169var-T. To address these points, we looked for the respective pathway components in cells infected with AD169 (ATCC), Towne (ATCC), or AD169var-T. Since the activation of the IKK is still poorly understood, we first concentrated on analyzing the relative abundance of receptor-proximal components of the TNF-␣ signaling pathway but found no differences in the relative expression levels of TRADD, TRAF2, or RIP (data not shown). We then analyzed the surface expression of TNFR1, which had recently been reported to be negatively regulated by HCMV (6) . Consistent with this, surface expression of the TNFR1 becomes downregulated in AD169 (ATCC)-infected cells (Fig. 6, row 1 [top] ) and Towne (ATCC)-infected cells behave in an indistinguishable manner (Fig. 6, row 2 ). This effect is specific since the surface expression of the unrelated CD95 receptor was not affected by AD169 (ATCC) (Fig. 6,  row 3) , and mock-infected cells showed no loss of the TNFR1 receptor (Fig. 6) . However, in sharp contrast, AD169var-T was unable to inhibit the surface expression of TNFR1 (Fig. 6, row  4) , and this is consistent with the sustained induction of TNF-␣-mediated NF-B DNA binding activity (Fig. 5A ) and instability of IB␣ (Fig. 5B) in AD169var-T-infected cells. Thus, AD169var-T allows mechanistic linkage of the block of NF-B activation after proinflammatory stimulation by TNF-␣ to the HCMV-induced downregulation of TNFR1. An early gene product appears to be responsible for counteracting both TNF-␣-induced NF-B signaling and TNFR1 surface expression. The previous results have shown that counteracting TNF-␣-induced NF-B signaling is detectable only between 6 to 8 h postinfection and is not fully in place before 24 hpi. In order to start analyzing which viral gene(s) might be responsible for the observed effects, we addressed the question of which kinetic class of viral genes might cause the observed effects. We first asked whether viral gene expression is required at all or whether, for instance, tegument proteins could be responsible for the NF-B-counteracting activities. To this end, we treated virus with UV prior to infection. As expected UV treatment abrogates viral IE gene expression (Fig. 7A,  lane 4) , which in cells infected with untreated virus is easily FIG. 7 . Viral gene expression but not expression of late genes is necessary for inhibition of NF-B signaling and TNFR1 surface expression. Human embryonic lung cells were either infected with untreated and UV-inactivated AD169 (ATCC) for 72 h (A and B) or with AD169 (ATTC) in the presence and absence of GCV for various lengths of time as indicated (C and D). Prior to harvesting, cells to be used for immunoblot and EMSA analysis (A and C) were stimulated with 30 ng/ml TNF-␣ for 10 min where indicated. Antibodies used were directed against IE1/2 and IB␣ (A) or against a late glycoprotein (gB) and IB␣ (C). In both cases detection of vigilin was used to control for loading. EMSAs were performed as described for Fig. 1 . Only the retarded NF-B-DNA complexes are shown. (B and D) For the detection of TNFR1 surface expression cells were stained with PE-or FITC-conjugated antibodies as indicated and analyzed by FACS as described for Fig. 6 . detectable 72 hpi (lane 3). As seen before, TNF-␣-induced IB␣ degradation and NF-B DNA binding activity are efficiently counteracted in cells preinfected for 72 h (lane 3). In contrast, UV-treated HCMV lost the capability to inhibit NF-B signaling and DNA binding (lane 4), indicating that viral gene expression is required for this viral activity. Also, downregulation of TNFR1 is dependent on viral gene expression (Fig. 7B) . We then asked whether viral DNA replication, i.e., true late gene expression, is required for the NF-B-inhibitory activity. Therefore, we analyzed NF-B DNA binding and the abundance of IB␣ in the absence or presence of GCV, an inhibitor of HCMV DNA replication. Figure 7C shows that GCV treatment effectively abrogates late gene (gB gene) expression, indicating that the block to viral late gene expression is well in place. Irrespective of the presence of GCV IB␣ degradation and NF-B DNA binding after TNF-␣ treatment are inhibited by the virus (Fig. 7C) . However, we have also observed that under GCV treatment IB␣ levels are not fully restored (compared to untreated cells) and NF-B DNA binding is not completely inhibited (Fig. 7C) . These results indicate that under our experimental conditions viral true late genes are not strictly required to counteract NF-B signaling after TNF-␣ treatment. Thus, a viral gene(s) expressed with early kinetics is able to counteract TNF-␣-induced NF-B signaling. Still, an additional gene product expressed with late kinetics appears to be required for the full inhibitory activity to unfold. Inhibition of TNFR1 surface expression by the virus is clearly independent of GCV treatment (Fig. 7D) , again suggesting that an early gene product is responsible for the downregulation. Interestingly, and in contrast to the inhibition of the NF-B signaling shown above, early gene products seem to be sufficient for mediating this effect.
DISCUSSION
Here we report the inhibition of NF-B activation by HCMV after proinflammatory stimulation, which is a new property of this virus. It affects TNFR1-, IL-1R-, and TLRmediated signal transduction and results in a block of NF-Bmediated target gene expression at later times during infection.
The regulation of NF-B in HCMV-infected cells has been a matter of intense research over recent years, but most studies so far have concentrated on the direct and mutual activation of HCMV gene expression and cellular NF-B signaling. NF-B is strongly induced right at the beginning of the infection, which is mainly caused by the physical interaction of viral surface constituents with cellular TLRs (11, 19, 53, 61) . This occurs at times of viral attachment and entry via integrins (24, 58) and the epidermal growth factor receptor (EGFR) (59) . Consistent with this view, the same viral glycoprotein (gB) has been shown to interact with TLR2, EGFR, and integrin ␣v␤3 (39, 44, 59) , suggesting that by default viral entry is linked to the early induction of the cellular innate immune response, of which the activation of the TNF-␣ and IL-1␤ signaling pathways is a critical hallmark (34) . The work presented here, demonstrating the ability of HCMV to downregulate TNF-␣-and IL-1␤-induced NF-B signaling, is in line with recent publications suggesting that HCMV has evolved mechanisms to counteract this cellular innate immune response. Previously, gene expression and microarray analyses have revealed that the expression of interferon response genes and proinflammatory cytokines was much increased when viral gene expression was inhibited, suggesting that one or more HCMV proteins function to block the expression of these genes during infection (12, 15, 30) . The data from this study together with a recent publication by Jarvis and coworkers (36) now show more directly that HCMV can indeed actively block induction of NF-B signaling after proinflammatory stimulation of infected cells by TNF-␣ and IL-1␤. In agreement with the study by Jarvis et al. (36) we show that NF-B target gene expression and DNA binding activity as well as IB␣ stability following proinflammatory stimulation are counteracted by HCMV. In addition to Jarvis et al. we directly show that the IKK is also inhibited by HCMV (Fig. 3) , and the identification of AD169var-T further adds genetic evidence (i) that NF-B inhibition through TNF-␣ and inhibition through IL-1␤ are (genetically) separable activities of HCMV and (ii) that the level of inhibition must be located upstream of the convergence point (the IKK) of the NF-B activating pathways. Consistent with this conclusion we show that the previously demonstrated ability of HCMV to downregulate TNFR1 surface expression (6), which we also observed after infection with the two clinical isolates presented in Fig. 3 (data not shown) , is specifically lost in AD169var-T (Fig. 6) . The mutual regulation of NF-B and HCMV is summarized in Fig. 8 .
Our data strongly suggest that HCMV employs different gene products to block NF-B activation through TNFR1 and TLR/IL-1R signaling. This is based on the observation that the HCMV variant AD169var-T has lost the ability to block NF-B activation after TNF-␣ stimulation but can still prevent it following IL-1␤ (Fig. 5 ) and LPS (data not shown) signaling. The block to TNF-␣-induced NF-B signaling was first observed between 6 and 24 hpi and complete after 34 hpi. This suggests that the responsible viral factors are expressed with E or L gene kinetics. Recently, it has been shown that HCMV pp65 can block alpha interferon-induced expression of the MxA gene and that a pp65-deficient virus has increased NF-B DNA binding activity (12) . However, pp65 overexpression did not downregulate TNFR1 surface expression in our hands (data not shown), and AD169var-T expresses pp65 with similar kinetics as AD169 (ATCC) (Fig. 5F ). Furthermore, it has recently been shown by others that pp65 is unlikely to be a candidate for NF-B regulation (56) . Similarly, TNFR1 surface expression was not downregulated by IE2 after TNF-␣ induction in our hands (data not shown). Moreover, IE2, which has recently been reported to block beta interferon production (55), was expressed with similar kinetics in AD169 (ATCC)-and AD169var-T-infected cells (Fig. 5F ). Thus, pp65 and IE2 are unlikely candidates for the viral inhibitory effects on NF-B activation, and these findings further suggest that HCMV has obviously evolved several independent ways to contribute to the inhibition of cellular activities that support the innate immune response. Together our results suggest that one or more viral gene products expressed with early kinetics are primarily responsible for counteracting TNF-␣-induced NF-B signaling. At first sight this differs from what Jarvis and coworkers reported recently; they found that in their experimental system a true late gene product is responsible for this effect (36) . Currently, we cannot be certain how this difference can be explained, particularly given the consistency of results between these two studies as a whole. However, a clue might come from our observation that NF-B signaling was not completely inhibited when infected cells were treated with GCV (Fig. 7C ). This may point to additional gene products expressed with late kinetics that are required for the full inhibitory effect. Possibly, these true late gene products might be the prevailing force under certain (experimental) conditions, which may explain the differences in this respect between the report by Jarvis et al. and the data presented here. Consistent with an earlier report by Baillie et al. (6) we find that downregulation of TNFR1 is independent of GCV treatment. Therefore, both the inhibition of NF-B signaling and TNFR1 downregulation occur with early kinetics, which further rationally links these two activities. Interestingly, inhibition of TNFR1 surface expression as a function of early gene products is complete (Fig. 7D) , whereas NF-B signaling under GCV treatment is not (see above). The most direct interpretation of these results and an appealing hypothesis to bring together the present data and the published work by Jarvis et al. and Baillie et al. is that an early gene product is responsible for inhibiting NF-B signaling via downregulation of TNFR1 and that this gene product collaborates with an additional late gene product that antagonizes NF-B signaling in a TNFR1-independent manner. The HCMV variant should prove helpful in the future to decipher the viral gene products involved in antagonizing TNF-␣-mediated NF-B activation. Despite the fact that TNF-␣, IL-1␤, and LPS all signal through the classical NF-B pathway and, therefore, have many factors in common that could be targeted by HCMV, the virus appears to use different mechanisms that block signal transduction upstream of the convergence point, i.e., the IKK complex. The most compelling evidence for this again comes from AD169var-T, which has lost the ability to downregulate surface expression of TNFR1 (Fig. 6 ). This lack of inhibition correlates well with sustained NF-B activity after TNF-␣ stimulation in cells infected with AD169var-T. It strongly suggests that the lack of TNFR1 downregulation and sustained NF-B activation are causally connected. Although TNFR1 downregulation in HCMV-infected cells has previously been shown, neither the responsible viral proteins nor the effect on NF-B signaling was examined in that study (6) . However, it was shown that TNFR1 downregulation was functionally relevant since the Jun N-terminal kinase, which is normally induced by TNFR1 signaling (16) , was greatly inhibited by HCMV in TNF-␣-stimulated cells (6) . Thus, the HCMV variant rationally links the viral block to NF-B activation after TNF-␣ stimulation to the downregulation of TNFR1 surface expression by HCMV.
The finding that AD169var-T is a loss-of-function variant defective in antagonizing NF-B activation after TNF-␣ induction but not after IL-1␤ induction also indicates that the block in IL-1␤-and LPS-mediated NF-B activation is located upstream of the convergence point of the pathway, i.e., the IKK complex. As outlined above IL-1␤ signaling and TLR signaling rely on the same set of adaptor proteins, and each of these could in principle be targeted by HCMV. Candidates include MyD88, a protein directly interacting with the cytoplasmic domain of TLR/IL-1R, which is crucially required for IL-1␤ signaling to NF-B (41), and IRAKs 1 and 4 (35) , which recruit the ubiquitin E3 ligase TRAF 6 (13) . How this complex links onto the IKK is not entirely clear but seems to involve the activation of the mitogen-activated protein kinase kinase kinase TAK1 (17, 54) . In light of the downregulation of TNFR1 it would also be conceivable that HCMV inhibits the (surface) expression of the TLR/IL-1R. However, so far we have been unable to detect significant signals of IL-1R even on noninfected cells due to the limitation of appropriate reagents.
Disregarding the particular mechanisms involved, the HCMV-mediated block in NF-B activation following proinflammatory stimulation adds a further level of complexity to the regulatory network this virus imposes on its host's antiviral defense system (28, 39) . This complexity is also reflected by several seemingly contradictory reports supporting either a positive (14, 21) or negative (or neutral) (8, 25, 33) role for NF-B during HCMV infection. The finding that inhibition of NF-B signaling after proinflammatory stimulation is a function of later viral gene expression may help to rationalize this conundrum in that NF-B activity may be beneficial in the early or reactivating phase of infection but disadvantageous at later stages or during persistent infection.
